T HERE is growing evidence linking polyunsaturated fatty acids (FA) of the omega-3 family (n-3 FA) to cognitive function in humans (1) . Prospective epidemiological studies found that a low dietary intake of fish, the major source of long-chain n-3 FA (2,3), as well as a low intake of n-3 FA in general (4), was associated with higher risk of developing cognitive impairment and dementia. However this prospective association was not confirmed by other studies (5) . Plasma FA levels are good markers of dietary intake (6) . Although plasma FA have been usually considered markers of short-term intake, recent studies show that they also reflect long-term intake (7), because their levels are consistent with changes in FA composition of adipose tissue. Moreover, circulating levels might be a better measure of exposure than dietary intake because they are less liable to lack precision and potential biases typical of food frequency questionnaires. Studies that explored the relationship between plasma FA and cognitive function found that individuals with dementia tend to have low plasma levels of n-3 FA (8, 9) . A lower proportion of n-3 FA in the erythrocyte membranes was predictive of cognitive decline (10) . In contrast, a recent Canadian study failed to detect any association between plasma n-3 FA and both prevalence and incidence of cognitive impairment and dementia (11) .
Due to these conflicting results, it is unclear whether low plasma levels of n-3 FA are associated with cognitive impairment (12) . The aim of our study was to evaluate the relationship between plasma FA and dementia in a large sample of older participants enrolled in the InCHIANTI study.
METHODS

Study Sample
InCHIANTI is an epidemiological study performed in two Italian towns located in the Chianti countryside (Greve in Chianti and Bagno a Ripoli), the main aim of which is to identify the factors contributing to the decline of mobility in late life. A detailed description of the study has been previously published (13) . Only participants aged ! 65 years were selected for this analysis. All participants underwent a clinical examination and a detailed interview. A proxy was interviewed when the participant was unable to provide the required information. Functional status was assessed by means of the basic activities of daily living (ADL) and instrumental activities of daily living (IADL) scales. Education was considered as a continuous variable (years of education). Participants were classified as ''nonsmokers'' or ''smokers'' (including former and current smokers). Body mass index (BMI) was calculated as kilograms per meters squared. Weight loss was assessed by asking the participant whether he or she had lost more than 10 pounds (5 kg) over the last 12 months. Diseases were ascertained according to standard, pre-established criteria that combined information from self-reported physician diagnoses, current pharmacological treatment, medical records, clinical examinations, and blood tests. Diseases included in the analysis were coronary heart disease (CHD, including angina and myocardial infarction), congestive heart failure (CHF), cerebrovascular disease (CVD, including transient ischemic attack [TIA] and stroke), diabetes, hypertension, and depression. The food frequency questionnaire was the instrument developed and used by the Italian sites of the European Prospective Study into Cancer and Nutrition (EPIC) (14) . It was administered to the participant or to a proxy informant, if the participant obtained a score lower than 5 in the items of the MiniMental State Examination (MMSE) (15) exploring orientation in place and time. The variables used were total energy (kcal), alcohol (grams), and saturated, monounsaturated, polyunsaturated, alpha linolenic, and linoleic FA (grams), all expressed as daily intake. Depressive symptoms were measured by the 20-item Center for Epidemiological Studies Depression Scale (CES-D) (16) . Participants with a CES-D score !16 were considered to be depressed. The study protocol was approved by the INRCA (Istituto Nazionale per la Ricerca e Cura dell'Anziano -National Institute for Research and Care of the Elderly) ethical committee. All participants received a description of the study and gave their written informed consent.
Evaluation of Cognitive Status
Dementia was ascertained using a two-stage screening procedure, as previously described (17) . Participants were first evaluated using the MMSE; those who scored 26 underwent a detailed clinical and neuropsychological evaluation. Participants who reported difficulty in performing ADL or IADL were asked questions aimed at understanding whether the cause of disability was, at least in part, cognitive impairment. A diagnosis of ''dementia syndrome'' was established using Diagnostic and Statistical Manual of Mental Disorders, Third Revision (DSM-III-R) criteria (18) . On request, the authors can provide a detailed description of the neuropsychological battery used.
For this analysis we divided the population into three groups: (i) participants with normal cognitive function (i.e., MMSE score ! 23, no diagnosis of dementia, and no disability attributable to cognitive impairment) (n ¼ 725); (ii) participants with cognitive impairment but not dementia (i.e., those with an MMSE score , 23 and/or any degree of disability in ADLs or IADLs that was judged to be related to impaired cognitive function) (n ¼ 153); and (iii) participants suffering from dementia (n ¼ 57).
Quantification of Plasma Fatty Acids
Blood samples were collected in the morning after a 12-hour fast. Plasma samples were stored at À808 C until analyzed. A detailed description of the method used has been published already (19) . The amount of plasma FA (ranging from C14:0 to C24:1) is expressed as percentage of total FA based on milligram per liter values. Plasma saturated FA (SFAs), monounsaturated FA (MUFAs), total polyunsaturated FA (PUFAs), omega-3 FA (n-3), omega-6 FA (n-6), and the n-6/n-3 ratio were calculated. For the present analysis we considered a limited number of individual FA: palmitic acid (16:0) and stearic acid (18:0) among SFAs; oleic acid (18:1n-9) among MUFAs; alpha linolenic acid (18:3n-3, ALA), eicosapentaenoic acid (20:5n-3, EPA), and docosahexaenoic acid (22:6n-3, DHA) for the n-3 family; and linoleic acid (18:2n-6, LA) and arachidonic acid (20:4n-6, AA) for the n-6 family.
Statistical Analysis
Data are presented as mean 6 standard deviations (SD) or percentage. All variables were normally distributed with the exception of ALA, EPA, total n-3 FA, and n-6/n-3 ratio, which were log-transformed. Differences between groups were tested with an unpaired t test, analysis of variance (ANOVA), or chi-square test, as appropriate. Correlation between variables was assessed using the Pearson correlation coefficient. Differences in the plasma relative concentrations of FA between different cognitive groups were evaluated with analysis of covariance, controlling for potential confounders. The statistical analysis was performed using SAS (version 8.1; Cary, NC).
RESULTS
Of 1299 sampled participants aged ! 65 years, 1155 (88.9%) agreed to participate in the study. Plasma levels of FA were available in 935 participants (81.0%). The descriptive characteristics of the whole sample and of the three cognitive status groups are reported in Table 1 . Participants with an MMSE score between 23 and 26 had a mean age of 75 years and a mean level of education of 5 years. These values were intermediate compared to those of participants with an MMSE score . 26 (mean age 72 years and mean education 7 years) and an MMSE score , 23 (mean age 82 years and mean education 3 years).
Mean values and 95% confidence intervals (CI) of FA relative concentrations (as percentages based on mg/L of total FA) are presented in Table 2 . After adjustment for confounders (i.e., age, gender, education, smoking status, BMI, weight loss, alcohol intake, total energy intake, low density lipoprotein [LDL] and high density lipoprotein [HDL] cholesterol levels, triglyceride levels, CHD, CVD, CHF, diabetes, hypertension, and depression), participants affected by dementia had higher relative concentrations of SFAs and lower relative concentration of PUFAs, as well as n-3, compared with participants with normal cognition. Moreover, participants affected by dementia had higher palmitic acid and lower ALA. Participants with cognitive impairment had intermediate FA values between those of demented and normal participants ( Table 2) . After adjusting for the confounders, however, none of the FA was statistically different between cognitively impaired and normal participants. Figure 1 shows the mean relative concentrations of plasma FA in the three cognitive groups. Mean values, 95% CI values, and statistical comparisons between groups are adjusted for potential confounders, including other FA relative concentrations. For example, data and analysis on n-3 FA are adjusted for n-6 FA and SFAs as covariates. In this final analysis, only total n-3 FA and ALA remained significantly lower in demented participants compared to normal controls (Figure 1) .
In logistic regression models fully adjusted for confounders, a 1 SD lower n-3 FA was associated with 67% higher probability of having dementia compared to having normal cognitive function (odds ratio ¼ 1.67; 95% CI, 1.17-2.38). Similar findings were observed for ALA (odds ratio ¼ 1.65; 95% CI, 1.17-2.33).
DISCUSSION
In this study, older participants with dementia had lower relative concentrations of plasma n-3 FA compared to those of participants with normal cognitive function. Our findings are consistent with studies that found an association between lower dietary intake of n-3 FA and higher prevalence and incidence of dementia (2-4), as well as between higher saturated fat intake and incident Alzheimer's disease (AD) (4). Blood levels of FA are generally considered to be good markers of dietary intake (6), although they reflect not only diet but also processes involved in their use, namely absorption and metabolism (20) . Some cross-sectional studies found lower blood levels of n-3 FA, particularly DHA, in participants with dementia (8,9). Heude and colleagues (10) found an inverse association between higher n-3 FA in erythrocyte membranes and risk of cognitive decline, whereas in the Canadian Study of Health and Aging, no relationship was demonstrated between baseline serum FA levels and the prevalence and 4-year incidence of cognitive impairment or dementia (11) . There is no clear explanation for these conflicting results, although caution should be used in their interpretation due to small sample sizes. As our study included a large sample of elderly participants and measured both plasma levels and dietary intake of FA, it supports the hypothesis that low levels of plasma n-3 FA are associated with dementia. Several mechanisms could explain the beneficial effect of n-3 FA on cognitive status. N-3 FA, particularly DHA, have an important role in brain development and function (21) .
DHA represents a major structural component of the neuronal membrane phospholipids that improves membrane fluidity, which is important for several key functions, such as activity of membrane-bound proteins (enzymes, ion channels, and receptors), signal transduction, and neurotransmission (22) . In particular, there is evidence that DHA modulates cholinergic transmission in the brain (23) , and DHA inhibits neuronal apoptosis (24) . A low DHA diet has been associated with the development of dendritic pathology and behavioral deficits in an AD mouse model (25) , whereas DHA can decrease the amyloid toxicity in transgenic AD mice, reducing the brain plaque burden by 40% (26) . This neuroprotective activity is due, at least in part, to a recently discovered DHA-derived compound, neuroprotectin D1 (27) .
DHA demonstrated beneficial effects on learning ability in aged animals (22) and in a rat model of AD (28) . Small clinical trials found positive effects of treatment with DHA both in patients suffering from AD (29) and in those suffering from vascular dementia (30) . A recent randomized controlled trial did not find a beneficial effect on cognitive decline in mild-to-moderate AD patients treated with a mixture of DHA and EPA for 6-12 months, although positive results were observed in very mild AD (31) .
Reduction in triglyceride levels, blood pressure, platelet aggregation, and expression of adhesion molecules and inflammatory cytokines, together with increased nitric oxide production and an antiarrhythmic effect are among the biological mechanisms that might account for the benefits of n-3 FA (32,33). As cardiovascular diseases are risk factors for both vascular and degenerative dementia, cardiovascular risk reduction might represent an important mechanism relating n-3 FA to reduced risk of cognitive decline. N-3 FA can inhibit the production of pro-inflammatory cytokines, i.e., interleukin (IL)-1b, IL-6, and tumor necrosis factor-a (34), which are involved in the development of dementia. Moreover, they decrease the synthesis of pro-inflammatory eicosanoids, which derive from n-6 FA (34). According to some studies, n-3 FA could also reduce the risk of depression (35) , a condition associated with dementia in late life. However, in our analysis adjustment for depression did not substantially change the outcome.
Although in our study EPA and DHA levels were reduced in older participants with dementia, the difference with normal participants became nonsignificant after multivariate adjustment. One explanation of this unexpected finding might be that the consumption of fish is low in the Chianti area and therefore there is a low variability in long-chain n-3 FA concentrations. However, levels of ALA, a source of DHA and EPA, were significantly lower in participants with dementia. ALA provides health benefits similar to those provided by longer chain n-3 FA, e.g., with respect to neuronal function in animals (36) and inflammation and cardiovascular disease in humans (37) .
The causes of the reduced n-3 FA levels in participants suffering from dementia are unknown. Previous longitudinal studies demonstrated that individuals who later developed dementia had a lower intake of fish, the principal source of long-chain n-3 FA, as well of n-3 FA in general (2) (3) (4) . Reduced levels of PUFA in brain membrane phospholipids (38, 39) have been found in Alzheimer patients and have been attributed, at least in part, to reduced activity of the enzyme Á 6 desaturase that is involved in the metabolism of ALA to long-chain n-3 FA. Normally, ALA is for the most part completely oxidized via b-oxidation or partially oxidized for carbon recycling into lipogenesis, whereas only a small percentage is converted to long-chain n-3 FA (37). Finally, increased oxidative stress, a process involved in dementia, might reduce PUFA levels in the membranes (40) and increase the requirement for ALA and DHA intake to compensate for this loss. Participants with dementia also had higher palmitic acid levels compared to older participants with normal cognitive function. Palmitic acid is a precursor of ceramides and sphingomyelin. Recent studies have shown that levels of long-chain ceramides are increased in brain tissue samples from AD patients compared to age-matched controls (41, 42) . Moreover, pharmacological inhibition of ceramide production protected hippocampal neurons from being killed by amyloid b-peptide and oxidative stress, suggesting a role for increased ceramide levels in the demise of neurons in AD (42) . Thus, alterations in the levels of palmitic acid might contribute to the pathogenesis of AD. The principal limitation of our study is its cross-sectional design, which does not allow for the establishment of a cause-effect relationship between FA and dementia. Indeed, it is equally possible that low plasma FA levels anticipated dementia as well as they decreased due to a change in dietary habits after the onset of dementia. Moreover, as we did not perform a detailed neuropsychological evaluation of participants with an MMSE score . 26, it is possible that the group labeled as cognitively normal includes participants with mild cognitive decline, and this might have prevented us from detecting a difference in FA plasma relative concentrations between normal participants and those with cognitive impairment. Another limitation of this study is that, because of the large number of fatty acids that were analyzed, a large number of tests was performed inflating the chance of a type I error. However, because our findings were consistent across different FA and are consistent with our original hypothesis, we did not apply Figure 1 . Means 6 95% confidence intervals of the relative concentration of n-3 fatty acids (FA), n-6 FA, and saturated FA (SFAs) (top); and alpha-linolenic acid (ALA), linolenic acid (LA), and palmitic acid (bottom) in participants with dementia, cognitive impairment, or normal cognitive function. *Based on mg/L total plasma FA. yAdjusted for age, gender, education, smoking status, body mass index, weight loss, alcohol intake, total energy intake, low density lipoprotein and high density lipoprotein cholesterol levels, triglyceride levels, coronary heart disease, cerebrovascular disease, congestive heart failure, diabetes, hypertension, depression, and plasma levels of the other two FA variables in the same panel.
the Bonferroni correction. Finally, the absolute difference in n-3 FA between demented and normal participants was small, but remained significant after adjustment for multiple confounders.
Conclusion
Our results provide further evidence that older persons with dementia have lower concentration of n-3 FA. From a clinical point of view, they further support the current recommendation that the dietary intake of n-3 fatty acids should be increased.
Longitudinal analyses performed in this and other cohorts are needed to support the role of n-3 fatty acids in reducing the risk of developing cognitive impairment. Moreover, given the safety of fatty acid supplementation, the efficacy of n-3 FA in the prevention and treatment of cognitive decline and dementia should be evaluated.
